Charge accumulation under high voltage DC is a major concern in the transmission system as its presence distorts the local electric field. By performing chemical treatment on polymeric insulation via fluorination process, the charge transport characteristics of the material can be modified. In doing so, excellent surface properties of fluoropolymers can be attained without compromising the bulk properties of the original polymeric insulation. The change in chemical components at the surface of polymeric insulation should lead to a corresponding change in electrical properties at the surface and so suppress charge accumulation. In this paper, epoxy resin samples were formulated and treated with various surface fluorinating conditions. The samples then were characterised by scanning electron microscope (SEM), Raman spectroscopy and DC surface conductivity measurements. The surface potential decay measurement was performed and the result shows that there is a significant change in surface potential decay measurement with the introduction of surface fluorinated layer. The pulsed electroacoustic (PEA) measurement was used to further explain the decay mechanisms responsible for the observed phenomena. Surface DC flashover test using a pair of finger electrodes had also been conducted. It has been found that the introduction of fluorinated surface layer on epoxy resins plays an important role in improving the surface dielectric properties as apparent from the experimental results.
INTRODUCTION
BECAUSE the conductor-spacer-gas triple junction interface in high voltage DC gas insulated switchgears (GIS) is most susceptible to flashover as it is the headstream of charge injection [1] , its significance has been highlighted in controlling charge accumulation along the surface of cast epoxy spacers under prolonged AC or DC stress. A key aspect of surface charge accumulation is thought to concern the interface of the conductor, spacer surface and insulating gas. Therefore, a suitable modification in this area is believed to have significant effects in suppressing charge accumulation on the spacer surface and so limiting the flashover occurrences inside GIS.
The researches to date tend to focus on the modifications of bulk polymeric insulation, which lead to changes in the properties of the bulk, as well as the surface layer, and consequently its interface properties with electrode. However, far too little attention has been given to modifications limited to surface properties alone by directly treating the surface layer of polymeric insulation. The idea of this paper is to perform chemical treatment on the surface of polymeric insulation and thus modify charge transport characteristics of the subjected material via fluorination process, i.e. treatment of polymeric materials with fluorine or fluorine-inert gas (nitrogen, helium etc.) mixtures. This chemical treatment process has been well developed from fundamental concepts to industrial applications and is amongst the most effective approaches to improving materials in term of barrier properties, separation properties, thermal and chemical stability, as well as biocompatibility [2] [3] [4] .
It is interesting to note that, through fluorination treatment, excellent surface properties similar to those of fluoropolymers can be achieved without compromising the bulk characteristics of the original polymeric insulation. The researches and applications of fluorination process so far are mostly concentrated on improving properties with regards to wettability, adhesion, chemical stability, barrier properties, biocompatibility, and grafting [5] . There has been far too little attention given to modification of dielectric properties. In fact, the modifications in the chemical components of polymeric insulation should also lead to corresponding modifications in dielectric properties of the insulating material [6] .
In this paper, epoxy resin samples were formulated and treated with various surface fluorinating conditions. The samples then were characterised with SEM analysis, Raman spectroscopy and DC surface conductivity measurements. Finally, the surface potential decay and the DC flashover test were carried out to measure the electrical performance of the fluorination treatment on epoxy samples.
SAMPLE PREPARATION AND CHARACTERISATION TESTS

SAMPLE PREPAPRATION AND FLUORINATION
A commercial set of Bisphenol-A type epoxy resin (Araldite LY556) together with anhydride hardener (Aradur 917) and imidazole accelerator (DY070) from Huntsman Advanced Materials (with weight ratio 100 : 90 : 2) were used throughout this study. These components were degassed separately inside vacuum oven (10³ Pa at 40 °C) for 30 minutes and for another 10 minutes after mixing. The mixture is filled into a stainless steel mould and is then placed in the oven at 80ºC for 4 hours for gelation process. The mould is again heated at 120ºC for another 8 hours for post-cured process. This stoichiometrically balanced matrix system offers a pathway to a high-molecularweight polymers that can combine thermoplastic processability with a robust mechanical behaviour, adhesion to a variety of active surfaces, attractive optical characteristics and an exceptional barrier to oxygen and other atmospheric gases.
To investigate the improved electrical performance of surface fluorinated epoxy resin, the above produced samples were fluorinated with varying duration. Fluorination of the samples was done in a closed stainless vessel. After evacuation, the fluorine and nitrogen mixture of ratio 1:4 flowed into the vessel. The mixture gas pressure in the vessel at 50 °C is maintained at 225 mbars. Two different fluorination times were done; 30 minutes and 60 minutes. After the reaction, the reactive gases are purged from the vessel with nitrogen.
SAMPLE CHARACTERISTISATION
SEM ANALYSIS
Scanning electron microscope (SEM) is used to study the microscopic morphology of the surface fluorinated samples. The prepared samples were cut into small pieces of 15mm x 15mm and were gold coated before being put under the microscope. sample is clear without any additional layer formation, unlike the fluorinated samples. In the 30-minute-fluorinated image, there is a thin layer forming on top of the surface with a thickness of ~0.3 µm, showing an obvious increase with the treatment time as expected. A sharp boundary can clearly be seen between the fluorinated layer and the bulk epoxy resin as a result of the fluorination treatment. In this treatment, hydrogen atoms on the surface of epoxy resin are being substituted by fluorine atoms, resulting in a new surface layer of fluorin. For the 60-minute-fluorinated image, the layer is more obvious with thickness of ~0.6 µm. Since this thin layer does not exist on the untreated sample and becomes thicker with prolong fluorination time, we can logically assume that this is the subsequent fluorinated layer from the fluorination treatment being carried out. Level of fluorination and thickness of the fluorinated layer rely upon the treatment parameters of the composition and pressure of the reactive mixture, fluorine partial pressure and treatment time, as well as temperature and polymer nature [7] .
RAMAN SPECTROSCOPY
SEM analysis gives information on morphological structure of the so assume fluorinated layer. Still, the information does not reveal any chemical evidence to support the claim. Hence another characterisation technique using Confocal Raman spectroscopy was performed. This method provides information about functional groups or chemical bonds within the molecules. In the Raman spectrum, each line has a characteristic polarisation, which provides information about the molecular structure.
For a start, the lens was focused on top of the sample surface, which is the fluorinated layer, and the spectrum was captured. Then, the focal point was adjusted to go 1 µm deeper into the bulk where the epoxy area was, and the spectrum was again captured. These steps were repeated until the depth is 5 µm deep. Since the Raman is in confocal mode, traces of epoxy resin key peaks can be seen on the spectrum of the fluorinated layer albeit with a lower amplitude and vice versa. With this feature, the chemical composition can clearly be seen for every layer of the fluorinated samples as well as the original one. Figure 4a shows the Raman spectroscopy of the surface fluorinated layer and epoxy resin region for depth 3 µm and 5 µm with some of the key peaks indicated while Figure 4b shows the spectrum of original surface layer for comparison purposes. Since C-F bond possesses higher energy bond compared to C-H bond, surface fluorination of epoxy resin can instantaneously take place and results in the disruption of C-H bond, followed by the formations of C-F, C-F 2 and C-F 3 groups [8] . Clearly, the fluorination treatment prompted significant changes in the chemical composition of the epoxy surface layer. An obvious C-F absorption band appears in the range 900-1300 cm −1 in the fluorinated layer spectrum [10] . Meanwhile, the C-H absorption peaks at 2850 and 2915 cm −1 are significantly reduced in intensity on the top fluorinated layer. In other word, C-F absorption decreases and the C-H absorption increases as the focus goes deeper into the bulk. Absorption peaks at 1221 cm −1 and 1180 cm −1 on the surface fluorinated layer are attributed to C-F covalent bonds and C-F 2 bonds respectively. Meanwhile, absorption peaks at 639, 821, 1112, 1458 and 1610 correspond to the key groups of an epoxy resin structure [9] . These absorption peaks increase with the focus depth indicating that the amount of epoxy increases while the amount of fluorin decreases as the focus goes deeper.
DC SURFACE CONDUCTIVITY
The area of interest in this study is the top surface of epoxy resin sample and therefore, the surface conductivity is measured instead of the bulk. Surface resistivity is defined as the electrical resistance along the surface of an insulating material. It is measured from one electrode to the other electrode along the surface of the sample. The resistivity measurement is not dependent on the physical dimensions (i.e. thickness, surface area) of the insulating sample because the surface length is permanent. Surface resistivity is quantified by applying a voltage across the surface of the dielectric sample and measuring the resultant current as shown in Figure 5 . As this analysis is only used for comparison purpose, the role of a grounding electrode and thickness of sample are neglected. Resulting current from the applied voltage is assumed to flow along the surface only, and not through the bulk. Figure 6 shows plots of time dependence of resulting current for non-fluorinated sample (F00), 30-minutefluorinated sample (F30), and 60-minute-fluorinated sample (F60) at a constant applied DC voltage of 5kV across the 8mm gap over 60 minutes at room temperature. It is noted that, for all the samples, the value of the resulting current drops significantly in the first minute, and only settles down after about five minutes. This is due to the polarisation process taking effect which is a slow process in bulk and only plays a small contribution on the surface [11] . After 60 minutes, the current measurement of F00, F30 and F60 are 5.66e -13 A, 2.16e -12 A and 5.03e -12 A respectively, showing an obvious increase with the treatment time as expected. This increase in conductivity is a functional side effect from the fluorination treatment. Figure 6 . Plot of current against time for F00, F30 and F60 at a constant applied DC of 5kV across the 8mm gap over 60 minutes at room temperature.
CHARGE DYNAMICS AFTER FLUORINATION
3.1 POTENTIAL DECAY MEASUREMENT Surface charge decay measurement has been widely used to study charge dynamics of insulating materials. Corona discharge from an electrode needle was used to deposit charges on insulator's surface. Once the charges are deposited, the charge will start to decay away from the surface through various mechanisms. A measurement technique called surface potential decay measurement is applied in order to measure this particular dielectric property. This technique enables a simple quantification of charge carrier mobility and trap parameters for each fluorination conditions. This method involves corona charging the surface of an insulating material to a certain voltage before the potential decay is measured using a field mill probe. The test schematic diagram for typical needlegrid-ground corona charging setup is shown in Figure 7 .
The epoxy samples are placed on top of a rotatable earthed electrode plate, just underneath the high-voltage needle electrode and the wire mesh grid electrode. The grid act as interpose between the surface and the needle and it needs to be as close as possible to the surface. The supply for grid voltage has the same polarity as the needle, but has a lower magnitude than the needle. In this experimental setup, the distance between the needle and the grid is 4.5 cm while the distance between the grid and the ground plate is 1.5 cm. The grid has a surface area of 150 cm², wide enough to provide uniform distribution of corona charges on the sample surface of 16 cm² (4 cm x 4 cm). The epoxy samples are negatively charged by corona effect on their free surface for 1 minute. The needle and grid voltage are -16 kV and -5 kV respectively. Immediately after charging, the sample is quickly moved with the rotating plate towards a compact JCI 140 static monitor to measure the surface potential decay. The surface potential decay against time characteristics is plotted. It is important to measure the thickness of each epoxy resin sample before each measurement as they may be of different thickness. The movement of charge into the bulk or along the surface will reduce the surface potential and allow more electrons/ions to reach the surface and thus maintain the surface potential. The surface potential will drop when there are no more electrons/ions available from the source to replace the voids left on the surface of epoxy resin, as happened when the sample is moved from under the corona source towards the electrostatic probe. The initial surface potential for all three samples is ~ -2.8 kV. Different rates of surface potential decay for epoxy resin samples of different fluorination time can clearly be observed, as shown in Figure 8 . For non-fluorinated epoxy resin sample, the surface potential is stable signifying that charges remain deeply trapped on the surface layer. At the end of the 40 minutes decay time, the surface potential is -2.6 kV, a reduction of mere 0.2 kV from initial charging. For the 30-minute-fluorinated sample, the decay rate is faster as the surface potential drops to -1.3 kV after 40 minutes. The fastest decay rate can be seen for the 60-minute-fluorinated sample indicating faster movement of charge away from the surface as the fluorination time increases. A significant drop of 2.3 kV to -0.5 kV can clearly be observed at the end of the measurement. This trend occurs because fluorination treatment may have slightly improved surface conductivity of epoxy samples as discussed earlier. The increase in conductivity is even more significant with prolong time of fluorination treatment. Interestingly, this enables any trapped charges on the surface to leak away faster as reflected from the resulting trend.
This result however doesn't hold any information regarding the mechanism that governs the surface charge decay, either through bulk conduction or diffusion along the surface. Space charge measurement in the bulk may provide supporting evidence for the mechanisms responsible for the decay process. 
SPACE CHARGE MEASUREMENT
The surface potential decay measurements of fluorinated samples seem to suggest that the surface conduction plays a leading role in the charge decay process. To further examine the argument, the PEA method was used to observe the space charge behaviour inside fluorinated epoxy sample and non-fluorinated epoxy sample as a reference. A voltage of 8 kV was applied to samples of approximately 200 μm in thickness (40 kV/mm) at room temperature for 50 minutes. At each time interval, a pulse of 600V was applied to generate acoustic pulses from the stored charges within the dielectrics for measurement purposes. After 50 minutes, the voltage supply was turned off and the decay measurement was taken at every time interval. For the sake of brevity, only the results from the original sample and the 60-minutefluorinated sample are shown here. The charge density as measured by PEA method were plotted against the location of the charges inside the sample from cathode to anode (Thickness). The PEA charge profile in Figure 10 shows that, for 60-minutes-fluorinated epoxy resin sample, a large number of heterocharges are observed in the vicinity of both electrodes. This amount increases with the time of applied voltage. The formation of heterocharge inside epoxy resin sample is due to the usage of additives and impurities during the curing process. However, there is no evident of homocharge formation inside fluorinated epoxy resin sample. This is because the introduction of fluorinated surface layer is believed to have a suppression effect, which effectively blocks further charge injection from the electrodes into epoxy resin Cathode Anode Cathode Anode samples, as illustrated in Figure 12 . Fluorination treatment is believed to deepen the traps on the surface layer. When the charges trapped in the deep traps, they block additional charge injection from the interface of the electrode and fluorinated layer [12] . Consequently, the decay process is alleged to occur along the surface of epoxy resin sample, as further charge injection into the bulk is blocked.
For untreated epoxy resin sample, there is no apparent formation of heterocharges near the surface of epoxy resin sample (as in Figure 9 ). Since the fluorinated layer is not present in untreated epoxy resin sample, homocharges are therefore, being injected into the sample through both electrodes as illustrated in Figure 11 . As the PEA system only measure the net charge density, this injection of homocharge cancels out the presence of heterocharge which accumulates near the region of both electrodes.
DC FLASHOVER
The results from surface decay and PEA measurement clearly show the change in electrical properties of fluorinated epoxy resin in term of dissipating the accumulated charge along the surface of insulating material. This improvement should lead to an increase in surface flashover strength as the accumulated surface charge is one of the critical parameters that influence the surface flashover performance [1] . The surface flashover strength is defined as the limiting voltage stress beyond which the insulation surface can no longer maintain its integrity. In other words, it is a measure of the insulation surface to resist decomposition under voltage stress. The applied voltage causes the top insulation to fail through a surface discharge and ruptures the surface insulation.
FLASHOVER SYSTEM DESIGN
The electrode system is constructed in a typical surface breakdown arrangement as used by various authors [13] [14] [15] in which the breakdown is likely to occur along the surface between the triple junctions of electrode-epoxy-air. This test apparatus is designed to test the surface flashover strength of fluorinated epoxy samples of different fluorination time inside a controlled environment. The schematic diagram of this test apparatus is shown in Figure 13 . Both electrodes are made from stainless steel with the edge of the electrodes are rounded to 4.5mm radius while sockets for banana plug are made at the rear of both electrodes. The base for the sample holder is made from Teflon. The gap between the electrodes is adjustable, but for this experiment, the gap was set at 8 mm. 300 μm thick epoxy resin samples were used, and they were placed in between the electrode pair and the Teflon base. The samples were subjected to a linearly increased voltage of 100 V/s until they underwent flashover, of which the flashover voltage is recorded, and the test was repeated six times using different epoxy samples for each fluorination conditions. It has been noted that, after a number of flashover occurrences, pitting signs could be seen on the edge of both stainless steel electrodes. Therefore, the electrodes were re-polished after every five flashovers, in order to clear the pitting signs and thus more consistent results. The flashover performance of the epoxy resin samples can be described using two-parameter Weibull distribution analysis. Assuming that the random breakdown process follows the Weibull distribution, the graph of unreliability was plotted against the breakdown voltage where unreliability indicates the probability of the breakdown phenomenon at an applied field. The result in general shows an increasing trend in DC surface breakdown strength with the introduction of fluorinated surface layer, where the scale parameter, α represents the breakdown strength and the shape parameter, β, represents a measure of the spread of the breakdown data. The smaller value of β, the larger is the scatter of the breakdown data should be.
RESULTS AND DISCUSSION
For non-fluorinated epoxy resin sample, lower surface breakdown strength with a high shape parameter is observed. However, the fluorinated samples show a clear improvement in surface breakdown strength with lower shape parameter. There is a clear trend of increasing surface breakdown strength as the fluorination time increases.
Surface charge accumulation, which leads to surface flashover, is believed to be triggered by the field emission that occurs at the sharp edges of the electrodes under DC stress [16] . The charge carriers within the field emitted electrons from protrusions on the rough finish electrodes drift in the direction of the electric field to reach the epoxy resin surface. There are three possible mechanisms for surface flashover; (i) a micro-discharge at an imperfect contact at the triple junction interface, (ii) a micro-discharge at an imperfection in the epoxy resin sample surface, or (iii) at the particle in proximity to the spacer surface [17] . These discharges effectively act as high-field spots and cause rapid electron emission and ionisation. The generated charges are trapped on the insulator surface and further distort the local electric field and consequently initiated further ionisation processes. These micro-discharges could well develop into a path which leads to a flashover along the surface of epoxy resin. With the introduction of fluorinated substituent onto the surface of epoxy resin sample as confirmed by the Raman spectrum, the conductivity along the dielectric surface is increased, as proven in DC surface conductivity test. This increment is getting more significant with longer time of fluorination treatment. Interestingly, improvement in surface conductivity enables trapped charges on the surface to leak away faster and therefore, limits the surface charge accumulation from distorting the local electric field [18] . Hence the increasing trend in DC surface flashover strength over fluorination time. Fluorination treatment is also believed to deepen the traps on the surface layer. The charges trapped in these deep traps may block additional charge injection [11] . When additional charge injection from the electrode is blocked, it will limit the number of charges accumulated along the surface and therefore reduced their effect in enhancing the local electric field of epoxy resin. The longer fluorination treatment of 30 minutes and 60 minutes may result in more charge injection being blocked by the fluorinated layer interface. Consequently, it will reduce charge transport into the surface layer and therefore, suppress space charge accumulation along the surface of epoxy resin under prolonged DC stress.
CONCLUSION
This study was designed to determine the effect of the fluorination treatment on epoxy resin structure in enhancing the dielectric properties of the material for the use in high voltage DC applications. The fluorinated epoxy resins had been characterised and electrically investigated to give a better understanding of its insulating performance. The results of this study show that the introduction of fluorinated layer on epoxy resin appears to be a key factor in improving the dielectric properties of epoxy resin.
For characterisation purposes, morphological analysis was performed through the use of SEM. The images show a clear formation of a layer, getting thicker as the fluorination treatment time increases. By using the confocal mode in Raman spectroscopy analysis, it is clear that the spectrum shows a decrease in C-F absorption and an increase in C-H absorption as the focus goes from the surface fluorinated layer and into the bulk of epoxy resin. The result from DC surface conductivity test shows an obvious increase in surface conductivity with respect to the treatment time.
Then, the fluorinated epoxy resins were subjected to surface potential decay test with negative and positive corona discharge, as well as PEA analysis in order to determine the electrical properties of this insulation material. With the increase in fluorination time, substantial increase in the decay rate of surface potential is seen due to the slight improvement in surface conductivity. From the PEA waveform of the fluorinated epoxy sample, a large amount of heterocharges are observed near the vicinity of both electrodes, which is not visible inside untreated sample. This is because the introduction of fluorinated surface layer is believed to have suppression effect, which effectively blocks further charge injection from the electrodes into epoxy resin sample. The mechanism which governs the decay process is believed to be conduction along the surface as the introduction of fluorinated layer suppresses charge injection into the bulk.
Finally, from the DC flashover test, there is a clear trend of increasing surface breakdown strength as the fluorination time increases, since the incorporation of fluorinated surface layer on epoxy resin improves the conductivity slightly along the surface. This enables any trapped charges on the surface to leak away faster and therefore, reduces the effect of distortion of a local electric field on epoxy resin surface. The results of this study show that the introduction of fluorinated layer on epoxy resin appears to be a key factor in improving the dielectric properties of epoxy resin.
